Sexually selected traits involved in mate acquisition and fertilization success are usually costly and males often plastically adjust their reproductive investment in response to social conditions. Phenotypic plasticity in male sexual traits is generally assumed to be adaptive, yet its costs are rarely investigated. Male guppies (Poecilia reticulata) adjust their ejaculate production and sexual behavior in response to perceived mating opportunities. In natural populations, mating opportunities can fluctuate continuously, and the iterated activation of plastic responses may impose a cost on males. To determine such costs, we experimentally manipulated male social environment by exposing males either to a constant number of females, or to weekly oscillations in female number. We measured traits linked to condition and reproductive success throughout male life. We found no significant difference in the expression of these traits nor in male lifespan between the 2 groups. Our results suggest that male guppies pay negligible costs for the iterated activation of plastic responses, possibly as a consequence of selection to minimize them.
INTRODUCTION
Phenotypic plasticity is defined as the ability of an individual or genotype to express different phenotypes depending on the environment (West-Eberhard 2003) . Phenotypic plasticity is widespread and can involve morphological modifications, physiological and neural regulation, or behavioral changes (Fusco and Minelli 2010) . Theoretical models predict that phenotypic plasticity should evolve when populations are exposed to variable, but predictable, environments and when the mean fitness of plastic individuals is greater than that of fixed individuals across the relevant fluctuations in environmental conditions (Ghalambor et al. 2007; Kasumovic et al. 2011) . Therefore, for plastic individuals to show higher fitness, it is necessary not only that selection favors different phenotypes in each environment and that no single phenotype exhibits superior fitness across all environments, but also that the costs of expressing plasticity do not exceed its benefits (Ghalambor et al. 2007 ). In a heterogeneous environment, the evolution of "perfect" or "infinite" plasticity would represent the optimal response for individuals, enabling them to express the best trait value in each environment. Such response, however, is extremely rare, if not completely absent in natural populations, suggesting the existence of costs constraining the evolution of plasticity Callahan et al. 2008) .
Costs associated with the expression of a plastic phenotype can be related to the development, maintenance, and function of the sensory and regulatory machinery needed for plasticity, including the genetic material encoding such machinery Auld et al. 2010) . When the plastic response is, at least to some extent, reversible, plasticity costs may increase with the frequency of environmental changes. In a highly variable environment, however, selection is expected to progressively erode such costs, as individuals that pay high costs to produce plastic responses should have lower fitness. Over evolutionary time, costs of plasticity may be reduced to such an extent to make them difficult to detect empirically Scheiner and Berrigan 1998) . According to this prediction, most of the studies exploring costs of plasticity have found only mild costs or have failed to find any (for reviews and meta-analyses see: Van Kleunen and Fischer 2005; Van Buskirk and Steiner 2009; Murren et al. 2015) .
Although females have been traditionally considered the sex that invests more in reproduction, traits and processes associated with male reproduction (i.e. sexually selected traits), including courtship, mate choice, sperm production, and mating, are also costly (Dewsbury 1982; Scharf et al. 2013 ). The costs, as well as the benefits, associated with male reproductive decisions are often affected by the context, with the conspecific socio-sexual environment playing the most important role in shaping the selective forces operating on individuals (Bretman et al. 2011) . As social conditions are often highly variable (Kasumovic et al. 2008) , plastic responses in reproductive allocation to such variation are expected to bring an important contribute to individuals' fitness. The expression of sexually selected traits is indeed characterized by high levels of plasticity (Bretman et al. 2011 ) and factors such as population sex ratio, number of mating opportunities, presence and number of rivals, and partner quality have been found to elicit plastic responses in male reproductive investment (for reviews see: Cotton et al. 2006; Harris and Uller 2009; Bretman et al. 2011; Kasumovic et al. 2011; Kelly and Jennions 2011; Engqvist and Taborsky 2016) .
Probably because the adaptive value of phenotypic plasticity in male reproductive allocation seems obvious, costs and benefits of plastic responses have rarely been quantified in this context. Rather than costs and benefits of plasticity per se (i.e. costs and benefits of a more plastic phenotype as compared with those of a less plastic one), costs and benefits of enhancing a sexual trait's expression in response to a given social cue (i.e. cost and benefit of the phenotype, sensu Murren et al. 2015) have been more frequently measured (e.g. Sakaluk and Müller 2008; Bretman et al. 2009; Barbosa 2012; Bretman et al. 2013; Moatt et al. 2013) . There is, however, some indirect evidence of intrinsic costs of phenotypic plasticity in male reproductive traits, coming from studies that compared the ability of producing plastic responses of different populations. Males from populations characterized by lower, and more consistent, female availability (Carroll and Corneli 1995) or by lower levels of competition for mates (Firman et al. 2013 ) appeared to have a reduced ability to plastically respond to the social context, suggesting that phenotypic plasticity evolves, or is maintained, only in populations in which environmental variability is high (Fusco and Minelli 2010 ; although a lack of benefits associated with mutational degradation could also be responsible for this pattern, Masel et al. 2007; Auld et al. 2010 ). More direct evidence of the costs of plasticity has been provided by Fraser et al. (2014) , who analyzed patterns of gene expression associated with male alternative mating behavior in the sailfin molly (Poecilia latipinna). In this fish species, some genotypes are plastic and respond to changes in the social environment by switching from courtship displays to coercive mating attempts and vice versa. Other genotypes have instead a fixed mating strategy and do not display plasticity. The study showed that changes in brain gene expression (which mediate the behavioral response) associated with environmental variations were significantly greater in plastic individuals than in fixed individuals who did not respond. Similar results have been found in the threespined stickleback (Bukhari et al. 2017) . If conspicuous changes in gene expression are energetically demanding (Stoebel et al. 2008) , we could expect plasticity to entail substantial physiological costs.
We tested this hypothesis by investigating the lifetime cost associated with adaptive plasticity in sexually selected male traits in the guppy, Poecilia reticulata, a species closely related to the sailfin molly and characterized by analogous alternative mating tactics. Guppies are freshwater fish with internal fertilization, characterized by high levels of male and female promiscuity (Magurran 2005) . Male reproductive success is influenced mostly by male body coloration, sexual behavior, and ejaculate quality (Houde 1997; Magurran 2005; Devigili et al. 2015b) . Males are sexually very active and can perform up to 1 mating attempt per minute (Magurran and Seghers 1994) . As females mate multiply (Evans and Magurran 2000; Neff et al. 2008; Devigili et al. 2015b ), postcopulatory sexual selection is intense (Devigili et al. 2015b ) and fertilization success is influenced by the number and the swimming velocity of sperm transferred during copulation (Boschetto et al. 2011) . Similarly to sailfin mollies, male guppies alternatively adopt 2 mating tactics: they court the female by performing sigmoid displays in order to obtain cooperative copulations or they attempt to forcibly inseminate the female through gonopodial thrusting (Liley 1966; Houde 1997; Pilastro and Bisazza 1999) . However, among guppies, all males are characterized by plasticity in mating strategies, which are affected by a number of environmental factors (Luyten and Liley 1991; Reynolds et al. 1993; Godin 1995; Chapman et al. 2009 ) and especially by the social environment (Evans and Magurran 1999; Guevara-Fiore et al. 2009; Kiritome et al. 2012) . In natural conditions, the social environment of this species is highly variable, due to intense fluctuations in population density and sex ratio (Pettersson et al. 2004; McKellar et al. 2009 ). Males respond to increased density and male-biased sex ratio by decreasing their courtship rate and increasing their attempts to sneak copulations through gonopodial thrusting (Jirotkul 1999) . This plasticity in male reproductive decisions is not limited to mating strategies, as male guppies also adjust their sperm investment in response to perceived mating opportunities. Males maintained in visual and chemical contact with females produce larger ejaculates and faster sperm (Bozynski and Liley 2003; Gasparini et al. 2009 ), as compared with males that have been isolated from females. Due to energetic trade-offs, this adjustment affects male sexual behavior causing the former males to preferentially rely on gonopodial thrusting when interacting with females, rather than on more costly courtship displays (Cattelan et al. 2016 ; but see Devigili et al. 2013 for the absence of this trade-off under dietary restriction). This plastic response in sperm production and sexual behavior to perceived mating opportunities occurs within few days (3-7) and it is fully reversible (Cattelan et al. 2016) . These results highlight the presence of a cost of the phenotype: the increase in sperm production stimulated by female presence, in fact, is associated with a reduced courtship rate and analogous socially cued changes in male reproductive effort have been shown to reduce male lifetime growth (Jordan and Brooks 2010) . Conversely, we do not know anything about the costs of flexibility per se. If the activation of this set of plastic responses induced by fluctuating mating opportunities is indeed energetically demanding (possibly due to conspicuous gene regulation costs, as shown in analogous contexts in the related species P. latipinna by Fraser et al. 2014) , then these costs might be amplified in case of iterated responses. As in natural guppy populations male mating opportunities fluctuate continuously (Pettersson et al. 2004) , exploring this hypothesis would contribute to understanding the evolution of this type of socially cued anticipatory plasticity (Bretman et al. 2011; Delbarco-Trillo 2011; Kelly and Jennions 2011) .
To this end, males were randomly sorted into groups of 4 and exposed to differing social environments: in the control treatment males interacted with a constant number of females (4 females) and in the plastic treatment the number of females was weekly alternated between 0 and 8. We determined the effect of the variable number of mating opportunities on male lifespan. At different time points during the treatment, we also measured male condition and the expression of sexually selected traits. If males exposed to the plastic treatment were paying a cost for the iterated activation of plastic responses, we expected them to have an earlier senescence and a reduced lifespan.
MATERIALS AND METHODS

Study animals
Guppies used in this experiment were descendants of wildcaught fish from the Lower Tacarigua river, Trinidad. They were maintained in our laboratory in large stock tanks (150-L tanks containing approximately 150 individuals of all age classes) with a balanced sex ratio and in which outbreeding was assured by periodically moving individuals across different stocks. The bottom of the tanks was covered with mixed color gravel and the tanks were provided with aquatic plants and algae. All experimental fish were maintained under controlled temperature and lighting conditions (26 ± 1 °C; 12:12 h light:dark cycle, Philips TLD 36W fluorescent lamps). All fish were fed ad libitum twice a day with a mixed diet of brine shrimp nauplii (Artemia salina) and commercially prepared flake food (Duplarin) (see Pilastro et al. 2007 , for details on fish maintenance). Both males and females used in the experiment were collected from stock tanks. All fish were sexually mature (at least 4 months old) when employed in the experiments.
Experimental design
The fish were collected from stock tanks and individually isolated for 1 week before being tested (see below) and randomly placed in the treatment tanks. Treatment tanks consisted of 125-L tanks divided by 2 opaque partitions into 3 equal sections. Each section contained 4 individual males, which constituted a replicate. Replicates were then randomly assigned either to the plastic treatment (N = 14 replicates, 56 males) or to the control treatment (N = 12 replicates, 48 males), which differed in the number of mating opportunities males were exposed to. Males of the plastic treatment were housed with 8 females for 1 week and with no females for the following week (the same group of females was used throughout the experiment). Males of the control treatment were housed with 4 females, and 2 groups of 4 females were alternated every week in each control replicate. Each female group switched weekly between 2 male groups of the same treatment, so that they were always housed with males. Males of the plastic and the control treatment therefore interacted with the same total number of individual females (8) throughout the experiment, but the number of females simultaneously interacting with the males varied in the 2 groups (always 4 in controls, from 0 to 8 in the plastic treatment). The treatment continued until all males died. The pictures taken before the beginning of the treatment allowed us to individually recognize each male throughout the experiment thanks to their unique coloration patterns. When an experimental male or a female died in a replicate, it was replaced with another individual to maintain the original sex ratio. However, substitute males were not considered in subsequent analysis.
At different time points during the experiment, we measured a wide suite of male traits (Table 1 and Figure 1 ) that are known to be associated with male reproductive success (Houde 1997; Magurran 2005; Boschetto et al. 2011; Brooks and Postma 2011; Devigili et al. 2015b) and to be condition dependent (e.g. Gasparini et al. 2013) . Furthermore, we measured male performance in a simulated predator evasion test (hereafter capture test, Evans and Magurran 2000; Gasparini et al. 2013 ) and male lifespan. In particular, 1) before the beginning of the treatment (hereafter, 0 months), we performed capture tests aimed at measuring male general condition; we stripped the males to determine their sperm reserves; finally, we took a digital photograph for body morphological analyses. 2) At 9 weeks (hereafter, 2 months), we conducted behavioral observations on the groups of males of each replicate in their treatment tanks to measure male sexual and inter-male aggressive behavior during the treatment (hereafter, replicate observations). 3) At 13 weeks, females were removed from the all males' tanks to equalize recent mating history and to allow males to restore their sperm reserves. One week later, (hereafter, 3 months) we performed observations of the sexual behavior of each individual male in standardized conditions and we repeated the capture tests. We subsequently isolated males in individual tanks for 2 days before stripping their ejaculates to estimate sperm reserves (number of sperm), sperm velocity, and sperm viability. We took another photograph before returning the males to their treatment tanks. 4) At 27 weeks (hereafter, 6 months), we repeated all tests performed at 14 weeks, following the same protocol. Afterwards, we returned males to their treatment tanks and the experimental treatment was continued as above until each male's death. During this last part of the experiment, we progressively pooled the replicates of the same treatment group to maintain constant the sex ratio. Only males that survived until the 3-month measurements were included in the analyses.
Sperm collection
Sperm were collected from each male following an established procedure (Evans et al. 2003) . Males were anaesthetized by immersion in a solution of fish anaesthetic MS222 (0.5 g/L) and placed on a slide under a stereomicroscope (ZEISS Stemi 2000-C). One milliliter of saline solution (NaCl 0.9%) was also placed on the slide to favor sperm collection. The gonopodium was repeatedly swung back and forward and then a gentle pressure was applied on the abdomen to allow sperm release. Sperm in this species are packaged in discrete units, called spermatozeugmata or sperm bundles, that can be easily collected with a pipette. The slide with the sperm bundles was photographed under the stereomicroscope (magnification ×6.5, Canon EOS 450D camera). Sperm bundles were then split into different aliquots for subsequent analyses (sperm-velocity and sperm-viability analyses, see the Sperm number, sperm velocity, and sperm viability section). Empty cells indicate that the test has not been performed at that time point. The sample size changes across measurements due to mortality (males that died before the 3-month tests were also excluded from the 0-month dataset). In some cases, we were unable to complete 1 or more tests on an individual, because the individual died during testing or because of problems in the experimental procedures. This led to differences in sample size across tests and measurement. All males were included in the analyses of the replicate observations.
Sperm number, sperm velocity, and sperm viability
The number of bundles produced by the male was measured from the photograph taken after stripping (using ImageJ software, http://rsbweb.nih.gov/ij/download.html; accessed 7 June 2018). For sperm-velocity assays, intact sperm bundles from each male were collected with a Drummond pipette and placed on a multiwell slide into 3 µL of activating medium (150 mM of KCl and 2 mg/mL bovine serum albumin, see Billard and Cosson 1990) . Swimming velocity of individual sperm was measured as they were moving away from the opening bundles and was recorded using a Hamilton Thorne computer-aided sperm analyzer (CEROS, Hamilton Thorne Research, Beverly, MA). Sperm velocity includes 3 commonly used parameters: average path velocity (VAP, µm/s), curvilinear velocity (VCL, µm/s), and straight line velocity (VSL, µm/s). The threshold between static and motile cells was set at VAP = 25 µm/s, VSL = 20 µm/s and velocity was recorded only for motile sperms. The 3 measures of sperm velocity are highly correlated (Devigili et al. 2015b; Magris et al. 2017) and VAP is the most common measure of sperm velocity used in guppies (e.g. Evans 2011; Barrett et al. 2014; Fitzpatrick et al. 2014) ; we therefore considered only VAP in our subsequent analyses. Sperm viability was assessed using the live/dead Sperm Viability Kit (L-7011; Molecular Probes Inc., OR), a fluorescencebased assay, which includes a membrane-permeant nucleic acid stain (SYBR14) which labels live sperm with green and a membrane-impermeant stain (propidium iodide) which labels dead or damaged sperm with red (only cells with intact membrane were considered viable). We measured viability immediately after sperm-velocity analyses. Fifty sperm bundles were collected from each male and transferred into a 0.5-mL Eppendorf tube containing 40 µL of saline solution. Sperm bundles were then broken by vortexing samples for 90 s. Six microliter of the mixture were transferred to an empty 0.5-mL Eppendorf tube, to which we added 2 µL of SYBR14 stain and, after 9 min, 2 µL of propidium iodide. All the operations involving the stains were carried out in low illumination conditions in order to prevent damage to the UV-sensitive compounds. The sample was placed on a microscopic slide and gently covered with a coverslip. Fluorescent images of samples were recorded using a ×20 objective on a Leica 5000 B microscope (Leica Microsystems, Wetzlar, Germany) with a digital camera (DFC480; Leica Microsystems, UK) and stored using Leica IM500 image-manager software. The proportions of live and dead spermatozoa were then assessed from images using the software Image J.
Male morphology: body size and color pattern After sperm collection, each male was photographed under the stereomicroscope (magnification ×6.5, Canon EOS 450D camera) on millimetre paper for calibration. The images were then analyzed using ImageJ software to measure total area (including caudal fin but excluding dorsal fin), body area (excluding dorsal and caudal fins), and coloration. We measured 3 main components of the coloration pattern: surface area of orange spots (orange, yellow, and red, representing all the area of carotenoid and pteridine spots; hereafter: orange), melanistic spots (only including permanent black spots and not fuzzy black areas; hereafter: melanistic), and structural iridescent spots (combined measures of blue, green, violet, silver, and white; hereafter: iridescent) (Evans et al. 2003; Devigili et al. 2015b Observations of male sexual behaviour during the treatment (replicate observations)
After 9 weeks (±1 week) from the beginning of the treatment, behavioral observations were carried out on the groups of males in their treatment tanks. Previous studies describing adjustments of male sexual behavior or sperm production in response to the number of mating opportunities involved treatments that lasted significantly less than ours (i.e. between 3 and 7 days: Bozynski and Liley 2003; Gasparini et al. 2009; Cattelan et al. 2016 ; and see Barrett et al. 2014 , that did not find an effect in sperm production). To test whether males in the plastic treatment still responded to the higher mating opportunities when females were present after longer experimental manipulation, we conducted behavioral observations of male sexual behavior in the treatment tanks two months after the beginning of the experiment (i.e. during the 10th week of the experiment). We then compared the sexual behavior of plastic males (while housed with 8 females) with that of control males (housed with 4 females) in their treatment tanks. Since half of plastic replicates started the treatment with 8 females and half with 0 females, the replicates that in the 10th week were housed with no females were observed in the following week (when they were housed with 8 females). Each of the 4 males in a replicate was observed for 5 min during which we recorded the number of courtship displays (sigmoid displays, where the male positions himself in front of the female in an s-shaped posture and quivers) and forced mating attempts (gonopodial thrusts, where the male attempts to coercively inseminate the female) (Liley 1966) . In addition, we recorded the total time each male spent interacting and swimming within 2 body lengths from the female as a measure of the male's overall sexual interest in the female (hereafter: following, Cattelan et al. 2016 ). Finally, we noticed the number of performed and received intra-sexual aggressions (i.e. chasing and nipping behaviors). A subset of individuals (N = 27) was also observed when housed with 0 females (data shown only for aggressions).
Observation of individual male sexual behavior in standardized conditions
After 3 and 6 months, we also measured, blind of male treatment, each male's sexual behavior in a standardized context (Devigili et al. 2015a) . To this end, each male was placed individually in a 30-L tank (with multicolor gravel on the bottom) and allowed to interact freely with a gravid female that was not familiar to the male. Gravid females are not sexually receptive (Houde 1997) , this allowed us to minimize the effect that female receptivity may have on male sexual behavior (Houde 1997; Evans et al. 2002) . The observations lasted 15 min, during which we recorded the number of sigmoid displays, gonopodial thrusts, and the duration of following. No successful copulation attempt was recorded during the behavioral trials. Each female was used for 2 trials, one with a plastic and one with a control male, in an alternated order, to equalize female effects between treatments.
Predator evasion capability: capture test
The capture test is an established protocol, previously used in other experiments with guppies (e.g. Gasparini et al. 2013 ), which estimates the individual's predator evasion capability. As this is a condition-dependent trait, male performance in the test can be used as a proxy of his condition. The capture test was carried out on the same day of the observation of sexual behavior, after having given the male time to recover (at least 30 min). All the tests were performed blind to male treatment by the same operator. The male was reintroduced in the tank previously used for the observation of sexual behavior and allowed to acclimatize for between 1 and 5 min. The operator then gently introduced a small hand net in the tank and started chasing the male with the net at a constant speed. The test ended when the fish slowed down and was caught in the net. The time between introduction of the net and capture was recorded using a chronometer. Despite its simplicity, capture test has a high repeatability and reflects male condition (R = 0.68 ± 0.13 SE, P < 0.001, Gasparini et al. 2013 ).
Statistical analyses
All statistical analyses were performed with RStudio (version 3.5.0) and SPSS (version 23, IBM, Armonk, NY). Since the 3 components of male sexual behavior measured in replicate observations (i.e. sigmoid displays, gonopodial thrusts, and following) were positively correlated, we combined them using principal component analysis (PCA). Four males (1 plastic and 3 control males) did not engage in any sexual behavior and were excluded from the analysis. A single principal component (PC, explaining 56% of the total), representing overall sexual activity, was obtained (Supplementary Table S1 ). PC scores of the 2 groups were compared using a t test. The number of aggressions was not normally distributed even after transformation and was thus analyzed using a Mann-Whitney test. Additionally, we ran an Anova test to compare aggression rates in the 3 conditions (0, 4, and 8 females) simultaneously (we included in the analysis only a subsample of the individuals housed with 8 females, specifically, those that had not been observed with 0 females).
To test the effect of our treatment, we ran linear mixed-effects models (LMM) and generalized linear mixed-effects models (GLMM), using the "glmer" function (package lme4). The experimental tank in which each 4-male group was housed during the experiment did not explain any difference in subsequent analyses (see Supplementary Table S2 ) and was therefore excluded from all models. Therefore, we considered each male as an independent statistical observation. The response variables can be subgrouped in 4 categories: male morphology including: a) total area, b) orange, c) melanistic, d) iridescent; general condition: e) duration of the capture test; ejaculate traits: f) sperm number, g) sperm velocity, h) sperm viability (binomial); sexual behavior i) PC1, j) PC2 (see below). All models included treatment, time and their interaction as fixed effects and male identity as random effect. To account for correlations between body size and traits, male total area was added as covariate in models b-d and male body area was added as covariate in model f. Sperm viability was analyzed using a GLMM with binomial distribution. Since the model was overdispersed we added an observation level random effect to account for overdispersion. All the other traits were analyzed using LMMs.
To analyze male sexual behavior in the standardized tests, we used the same procedure as above (for the replicate observations) and reduced the variables describing sexual behavior (i.e. sigmoid displays, gonopodial thrusts and following) using PCA. One male did not engage in any sexual behavior and was excluded from the analysis. We obtained 2 PCs, explaining together the 79% of the total variance, that were used for further analyses. PC1 accounted for the overall sexual activity (41% of the variance) and PC2 accounted for the frequency of sigmoid displays relatively to gonopodial thrusts (37% of the variance) (Supplementary Table S3 ). Positive PC1 scores represent individuals with overall higher sexual activity, whereas positive PC2 scores represented males that performed a higher proportion of sigmoid displays. PC1 and PC2 were analyzed using LMMs (see above).
For all models, the statistical significance of fixed effects and interactions was assessed based on the 95% credible intervals (CI) around the mean (β). We used the "sim" function (package arm) to simulate the posterior distribution of the model parameters and values were extracted based on 2000 simulations. We consider an effect to be significant when the 95% CI did not overlap 0. We used visual assessment of the residuals to evaluate model fit.
We used Mann-Whitney tests to compare males' lifespan in the 2 treatments. Means and their SEs are given. All probabilities are 2 tailed. Table S4 for details on the descriptive statistics on male sexual behavior and aggressions). These results confirmed that, 2 months after the beginning of the experiment, males in the plastic group continued to show an increased sexual activity when 8 females were present as compared to that of their control counterparts in the presence of 4 females. Aggressions were significantly more frequent when males were housed without females (Anova: F = 15.16, P < 0.01, post hoc comparisons, with Tukey corrections: 0-4, P < 0.001; 0-8: P < 0.001).
Ethical note
RESULTS
Male behavior measured in groups-replicate observations
Male traits measured along the experiment
We documented a change over time in the expression of some of male sexual traits (Table 2 and Figure 3) . Males grew during the 6-month treatment (β = 2.111; 95% CI = 1.59, 2.62) and increased their sperm production (β = 23.571; 95% CI = 1.89, 45.31). Male general condition worsened during the treatment as shown by a decrease in the duration of the capture test (β = −0.151; 95% CI = −0.22, −0.09). Sperm viability was also reduced from 3 to 6 months (β = −0.178; 95% CI = −0.31, −0.05) and there was a trend, although not significant, towards a reduction of sperm velocity (β = −1.272; 95% CI = −3.19, 0.75). The extension of the color spots also did not change with time, only iridescent spots tended (not significantly) to increase over time (orange: β = −0.033, 95% CI = −0.19, 0.12; melanistic: β = −0.004, 95% CI = −0.05, 0.04; iridescent: β = 0.134, 95% CI = −0.07, 0.34). Analogously, male sexual activity was not affected by time, although both overall intensity (PC1, β = −0.133, 95% CI = −0.35, 0.07), and the frequency of sigmoid displays relative to that of gonopodial thrusts (PC2: β = −0.171, 95% CI = −0.36, 0.03) showed a tendency towards a (nonsignificant) decrease. Treatment did not affect the expression of any of the male traits considered here (Treatment: 95% CI overlapped 0), nor the rate with which traits changed over time (Interaction 
DISCUSSION
Male guppies show anticipative phenotypic plasticity in their sperm production and sexual behavior in response to the number of expected mating opportunities (Bozynski and Liley 2003; Gasparini et al. 2009; Cattelan et al. 2016) . Although anticipative phenotypic plasticity is assumed to be associated with fitness benefits, it probably also imposes costs, yet these costs are rarely quantified. The work from Fraser et al. (2014) on the closely related species, P. latipinna, Results of the linear mixed-effects model (LMM) and the generalized linear mixed-effects model (GLMM). All models included treatment, time (months 0, 3, and 6), and their interaction as fixed effects and male identity as random effect. Significant effects are in bold. a Traits measured at all 3 time points. The other traits were measured twice, 3 and 6 months after the beginning of the treatment. b LMM. c GLMM with Binomial distribution. Overdispersion was corrected by creating a variable that adds a progressive number to each data point and entering it as random effect.
had shown that similar socially cued responses were accompanied by substantial changes in brain gene expression, which, in turn, are likely to be associated with energetic costs. To explicitly test this hypothesis, we manipulated the number of females encountered by male guppies during their lifetime simulating 2 conditions: constant mating opportunities, in which the sex ratio was 4M:4F throughout the experiment, and variable mating opportunities, in which the sex ratio oscillated regularly between 4M:0F and 4M:8F. While keeping constant the total number of females encountered by each male during his lifetime, this experimental manipulation was aimed at inducing a more variable male reproductive investment in the latter group as compared with the former one. Indeed, observations conducted during the experiment confirmed that males were sexually more active in the presence of 8 females than in the presence of 4 females and that familiarity did not suppress their sexual interest. Males in the plastic treatment showed almost no sexual activity when females were not in the tank (although sigmoid displays were sometimes directed towards other males), indicating that mean male sexual investment in the control group was intermediate between the mean sexual behavior observed in the plastic group in response to female absence/presence. We did not quantify sperm production during the treatment, as there is overwhelming evidence that males increase their sperm production in response to female stimulus (Bozynski and Liley 2003; Cattelan et al. 2016 ; and see Aspbury and Gabor 2004 , for similar effects in closely related species) and we preferred to minimize disturbance during the experiment. In addition, a reliable comparison of sperm production during the treatment would not have been possible since the size of sperm reserves is not only determined by strategic sperm production in response to the number of mating opporunities, but also depends on male recent mating history, which in turn is affected by the number of females males are housed with. These results also indicate that a prolonged variation in mating opportunities did not induce habituation, at least 9 weeks after the beginning of the experiment when the observations were carried out. We documented changes in some traits across subsequent measures: males increased in body size but showed significant senescence for some sexual traits and for their capability to escape a simulated predator. This was expected, as the experiment (lasting 6 months) covered a considerable part of the lifespan of the individuals (male life expectancy rarely exceeds 12 months, both in nature, Olendorf et al. 2006; and in the lab, Miller and Brooks 2005; Gasparini et al. 2010; Devigili et al. 2015a ). Indeed, males were captured more easily as they aged and ejaculate traits were also affected by male age. In fact, sperm production increased, and sperm viability decreased, whereas sperm velocity remained consistent. The intensity of sexual behavior did not change over the 6 months, as the frequency of sigmoid displays relative to that of gonopodial thrusts.
Although the effect of age on some traits was apparent, growth and senescence rates did not differ between treatments, suggesting that the repeated activation of plastic responses is not associated with relevant costs, at least from what we could assess from their effect on the traits we measured. We are aware that our analysis did not include all male traits (although it comprised of a high number of traits associated with pre and postcopulatory reproductive success and with condition, including lifespan) and that plasticity activation costs may have negative effects on traits that we did not consider. We also acknowledge that our conclusion may be limited to the manipulation we operated and that more extreme stimulations may have imposed plasticity activation costs. Nontheless, our findings are consistent with the results of previous studies that have investigated costs of plasticity in nonreproductive contexts suggesting that these costs are usually negligible compared with costs of the phenotype (Van Kleunen and Fischer 2005; Van Buskirk and Steiner 2009; Murren et al. 2015) . Anticipatory plasticity is a widespread phenomenon in the context of sexual selection, but benefits are often just assumed (Bretman et al. 2011 ) and costs are rarely measured directly. Furthermore, the rare studies available so far have focused mainly on the costs and benefits of the phenotype, rather than on those of plasticity per se (Sakaluk and Müller 2008; Bretman et al. 2009; Barbosa 2012; Bretman et al. 2013; Moatt et al. 2013; Cattelan et al. 2016) . Indirect evidence that the ability of plastically responding to changes in the social environment entail costs comes from the comparison of populations exposed to different levels of sexual competition. Anticipatory plasticity in male sexual investment appears to be reduced in the populations characterized by lower or more constant female availability or male competition, suggesting the presence of costs (Carroll and Corneli 1995; Firman et al. 2013) . The same pattern, however, may also arise from mutational degradation, that has been shown to determine, in nonsexual traits, the loss of plasticity when it is not under selection (Masel et al. 2007 ). An interesting study on the sailfin molly, a species closely related to the guppy, has shown that the switch between alternative mating strategies requires extensive changes in gene expression (Fraser et al. 2014) , which are probably associated with energetic costs (Stoebel et al. 2008) . It is therefore probable that guppies pay analogous transcriptional regulation costs associated with their plastic responses. Our results indirectly suggest, however, that these costs may be minor, as they apparently did not negatively affect male fitness. Clearly, to draw a comprehensive picture, we will need to investigate both short-and longterm costs of plasticity in more species.
Costs of plasticity are predicted to be moderate because natural selection should favor the most efficient allelic variants for plasticity, those associated with smaller costs . Physiological costs of producing a plastic response, however, might still be maintained in the population, as long as they are exceeded by benefits, because of a lack of genetic variability in plasticity costs, or when they are unavoidable (i.e. intrinsically constrained). For example, when the genetic, physiological, and cognitive machinery responsible for the expression of anticipatory plasticity is costly to be maintained (Scheiner and Berrigan 1998) , adaptive plasticity may entail costs irrespective of whether the plastic response is produced or not. The cost of possessing the machinery that allows organisms to produce a plastic response differs from the cost of producing the plastic response; these 2 types of costs, although not mutually exclusive, require 2 different experimental approaches to be quantified. In the first case, genotypes differing in the degree of plasticity should be compared; in the second case, experimental manipulation of the expression of plasticity should be used (DeWitt 1998; Van Buskirk and Steiner 2009). Our experimental manipulation was aimed at testing the latter and, specifically, the long-term effects of the costs of the activation of the anticipatory plastic response to varying social-sexual context (e.g. Fraser et al. 2014; Bukhari et al. 2017) . Although our results seem to be in line with previous work suggesting that costs of plasticity might be intrinsically small (Van Kleunen and Fischer 2005; Van Buskirk and Steiner 2009; Murren et al. 2015) , we cannot exclude completely that our experimental design prevented us from detecting them.
Males of the plastic treatment were maintained without females for half of their time. During these periods, sexual behavior was strongly reduced and rest from sexual activity might have compensated for the costs of plasticity activation. Whether this is the case is difficult to say, as sexual behavior was not completely suppressed in female-deprived males, which sometimes engaged in sigmoid displays towards other males (in a range of 0-3 sigmoid displays per 5-min observation, data not shown). In addition, we have shown that female-deprived males engaged in male-male aggressive behavior more frequently than their control counterparts.
Alternatively, the costs of plasticity may be apparent only under stressful conditions, such as, for example, resource limitation (Agrawal 2001; Steinger et al. 2003; Van Buskirk and Steiner 2009) . Our males were fed ad libitum, and it is possible that costs of plasticity may be exposed under less favorable conditions, like under a restricted diet ). Even if this was the case, we might conclude that the costs of plastically adjusting sexual investment upwards and downwards are minor as compared to the costs of the phenotype (i.e. of maintaining a constantly upwardly regulated sexual investment). Indeed, experiments similar to ours in which males were constantly exposed to females or were female deprived have highlighted significant costs of the phenotype (sensu Murren et al. 2015) both in the short term (Cattelan et al. 2016) and over a male's lifetime (Miller and Brooks 2005) .
In conclusion, our results indicate that, despite the potential costs associated with the activation of an anticipatory sexual response to a fluctuating social context (Fraser et al. 2014; Bukhari et al. 2017) , male guppies exposed to varying mating opportunities did not show any negative effect on a large suite of fitness-related traits, including traits linked to condition (capability to escape from a simulated predator) and longevity, and sexual traits known to affect mating and fertilization success (Boschetto et al. 2011; Devigili et al. 2015b) . Artificial selection for male anticipatory plasticity or quantitative genetic studies may be used to estimate 1) the genetic
